We present the analysis of the impedance spectra for a binary electrolyte confined between blocking electrodes with dielectric layers. An expression for the impedance is derived from Poisson- 
I. INTRODUCTION
Ionic conductors are materials in which the electric charge is mainly transported by ions.
An ionic conductivity is observed in a wide class of materials: ionic glasses and ionic liquids, polymers and polymer electrolytes, hydrogels, electrolyte solutions [1] [2] [3] [4] . These materials are of considerable technological interest [5, 6] due to the peculiarities of electrical properties, and are subject to active research. Nevertheless, a deep understanding of charge transport in ionic conductors is far from being complete [1, [7] [8] [9] .
In a continuum description of the ionic conductivity, charge carriers are characterized by a set of parameters -valency, equilibrium concentration and diffusion coefficient [2, 3] .
To determine ion parameters an impedance or broad-band dielectric spectroscopy in the frequency range (10 −6 −10 7 ) Hz is widely used [10, 11] . The method is based on measuring of the electrical current flowing in a sample under a small ac voltage, and results representing in the form of frequency dependent complex quantities, which characterize the electrical response of a medium [10] , such as an impedance, a complex dielectric constant, a complex conductivity etc. These quantities are related to each other by simple relationships, and in the following discussion we will concentrate on the impedance Z = Z − iZ .
The impedance spectra of various ionic conductors demonstrate universal behavior and obey scaling low in a certain frequency range under variation of temperature, charge carrier concentration, sample geometry, etc. [1, 8, 12, 13] . Decreasing the frequency f of the ac voltage applied to the sample, real part Z and imaginary part Z of the impedance increase as f −2 and f −1 , respectively. In the low-frequency range Z goes to a plateau, Z has two local extrema, and the impedance argument arg{Z} has a well-defined maximum.
At further decrease in frequency the impedance behavior lost the scaling feature and depends on the additional factors, such as electrode material, ion adsorption at electrodes, ion association/dissociation, etc. [7, 13, 14] .
To describe the frequency dependence of the impedance of ionic conductors various theoretical approaches have been proposed [15] [16] [17] [18] [19] , one being based on solutions of the PoissonNernst-Planck (PNP) equations (see, e.g., [3, 20, 21] ). In this approach, it is assumed that under an external electric field ions movement is due to migration and diffusion and is described by the continuity equation. The spatial distribution of the charges and the local electric field are determined in a self-consistent manner from the Poisson equation. Al-though the PNP equations are nonlinear, the frequency dependence of the impedance can be obtained from the solutions of linearized equations in the approximation of small applied voltages (the Debye-Huckel approximation) [3, [21] [22] [23] .
In the PNP approach the model for a binary electrolyte with blocking electrodes is often used. It is assumed, that the electrolyte is globally neutral, contains only one type of positive and negative charges and there is no electric current across the boundaries due to the ion movement or electrochemical reactions. Macdonald [21] has solved the linearized PNP equations and derived the expression for the impedance in general case taking into account different mobilities and generation/recombination of the charge carries. Further, the expressions for the impedance and the dielectric constants were obtained for simplified versions of the model [22] [23] [24] [25] , where fully dissociated charge carries with the same mobility and valence (symmetrical electrolyte) were assumed.
As it shown in Refs. [21] [22] [23] [24] [25] , the frequency dependence of the impedance is determined by polarization resulting from the charge separation in the bulk and at the boundaries of the ionic conductor. The high-frequency behavior of the impedance is dictated by the polarization of the bulk charges due to the ions oscillations relatively to equilibrium positions. At low frequencies so called electrode polarization phenomena may occur. A competition between migration and diffusion of ions induces accumulation of the charges near the electrodes (a diffuse charge) with exponential decay of the concentration into the bulk. Simplifying the picture, it can be considered as a formation of adjacent to the electrodes diffuse layers with the thickness of the order of the Debye screening length λ D . The oppositely charged diffuse layers provide the macroscopic polarization of the sample [24] , dominating in the low-frequency range of the impedance spectra. Note, that adsorption and electrochemical processes may affect the properties of diffuse layers, that is reflected in experimental impedance spectra [26, 27] . These phenomena can be described on the basis of models with partially blocked electrodes and are out of scope of this work.
Experimental impedance spectra of different ionic conductors in a certain frequency range are well described by the model of a binary electrolyte with blocking electrodes. It allows to estimate the diffusion coefficient and concentration of the ions by a direct modelling or analysis of extrema of the experimental spectra. In the latter case, the method is called the electrode polarization analysis, because the extrema are observed at the frequencies where the diffuse layer dynamics determines the frequency dependence of the impedance. Such approach was based on works [21-23, 28, 29] and developed in Refs. [30, 31] . In particular, it was shown [30] , that the diffusion coefficient can be directly calculated using the value and position of the dielectric loss tangent maximum. The method was successfully applied to different kind of ionic conductors -polymer films [23] , polymer electrolyte [30, 31] , ionic liquids [12] . However, in some cases, the estimates of the ion parameters essentially deviate from those obtained by stoichiometric calculations of the total ion concentration or determined by other experimental methods. In particular, in some Li-containing polymer electrolytes, ionic liquids, and nonaqueous salt solutions, the ion concentration obtained from the dielectric spectra analysis and using a pulsed-field gradient nuclear magnetic resonance method can differ by up to 4 orders of magnitude [32] . Moreover, the results lead to physically contradictory conclusions, such as reduction of free charge carriers with an increasing in the concentration of salts in the electrolyte.
Liquid crystals (LC) are another example of ionic electrolytes, where inconsistent estimates of the ion parameters based on the impedance or dielectric measurements have been reported. LC are organic liquids with molecules oriented along a given direction characterized by a unit vector (so called director). The conductivity of liquid crystals originates mostly from impurity ions with usually unknown composition and concentration. For different liquid crystals with approximately the same viscosity, the diffusion coefficient of the ions differs by three orders of magnitude, that is interpreted as an existence of free ions with the Stokes radius R g ∼ 0.1 nm [33] , solvated ions with R g ∼ 1 nm [34] and colloidal ions with R g ∼ (5 − 7) nm [35] . For example, for the liquid crystal 4-n-pentyl-4'-cyanobiphenyl (5CB) the diffusion coefficient of the ions differs within one order of magnitude, as reported in [14, [36] [37] [38] . Note, that despite the low conductivity values, typically ∼ 10 nS/m, anisotropy of physical properties of liquid crystals results in numerous peculiar electro-optical and electro-kinetic effects absent in isotropic electrolytes [39, 40] . To understand these phenomena quantitative characteristics of the ionic conductivity of liquid crystals are necessary.
Omission of the contribution of the dielectric layers at the electrodes in the analysis of the frequency dependence of the impedance can be one possible reason for the difference in the estimates of ion parameters. The impedance measurements of isotropic electrolytes are usually carried out in cells with metal electrodes and the Stern layer or so-called compact layer of adsorbed ions can be formed on the electrode surfaces [41] [42] [43] [44] [45] . On the other hand, typical experimental studies of liquid crystals involve cells with the electrodes, covered by a thin, ∼ (5 − 50) nm, insulating polymer film. To take into account the effect of the polymer films or compact layers in the framework of the binary electrolyte model with blocking electrodes, a nonconducting dielectric layers between the electrodes and electrolyte are often introduced [3, 23, 28, 46, 47] . In 1963 Trukhan [28] has derived the expression for the complex dielectric constant on the basis of the solutions of the linearized PNP equations and has shown, that the position of dielectric loss maximum depends on the properties of the dielectric layers. However, in the modern analysis of the electrode polarization the dielectric layers were neither considered [21, 22, 24] nor neglected [23] in the derivation of the frequency dependence of the impedance.
In this paper the impact of the dielectric layers on the impedance spectra and the estimations of the ion parameters is analyzed. The paper is organized as follows. In Sec. II the binary symmetric electrolyte model with blocking electrodes is used to derive an ex- 
where
are the concentrations of positive and negative ions, respectively, Φ = Φ(x, t) is the electrostatic potential, ε is the dielectric constant, ε 0 is the vacuum permittivity and e is the elementary charge.
It is convenient to introduce dimensionless electrostatic potential ψ, relative difference in the concentrations between positive and negative ions ρ, and dimensionless coordinate
where the thermal voltage U T and the Debye length λ D are (1) and (2) reduce to
where τ q is the charge relaxation time in the bulk given by
For the applied ac voltage U = U 0 exp(iωt) (ω = 2πf is an angular frequency) one has a linear response (ρ, ψ) ∼ exp(iωt) with spatially dependent amplitudes of the relative difference in the concentrations between positive and negative ions ρ(x) and the electrostatic potential ψ(x) that can be found from
To model the effect of compact layers or polymer films at the electrodes we consider the case when the electrolyte and the electrodes are separated by two identical nonconducting dielectric layers of thickness h and the dielectric constant ε p . We define an effective thickness of the dielectric layer λ p and the ratios of length scales δ and as following
For the blocking electrodes the boundary conditions can be formulated as follows [3, 46, 47] 
where v 0 = U 0 /U T and ψ 0 are the values of the potential at the electrodes and at the boundary between the dielectric layer and the electrolyte, respectively. The condition Eq. (12) represents impermeability of the boundary for the ions and the absence of any physical or chemical processes at the boundary that may result to the ionic current. The right hand side of equation (13) describes a voltage drop on the dielectric layer.
Taking into account the boundary conditions Eqs. (12), (13) , the solutions of Eqs. (8), (9) can be written as
Here z e represents the dimensionless impedance of the binary electrolyte with blocking electrodes without dielectric layers that contains contributions from the bulk charge (1/k 2 ) and diffuse layer (z w /k 2 ) [24, 25] Solutions (14), (15) describe the spatial distribution of the electrical potential and the ionic charge density across the layer (the total charge density is proportional to ρ). According to Eq. (14) the charge density has a maximum at the boundary between the dielectric layer and the electrolyte, |ρ(x = ±1/ )| = ρ 0 , and decays exponentially with the distance from the boundary with the characteristic decay length λ = [λ D / 1 + iωτ q ] in physical units.
The decay length λ can be considered as a diffuse layer thickness, and is negligible at high frequencies, ωτ q 1, grows as frequency decreases and approaches the Debye length λ D in the limit of a dc voltage, ωτ q → 0. Note, that apart from simple frequency dependence the diffuse layer thickness is solely determined by the properties of the charge carriers -diffusion coefficient and concentration.
The diffuse charge, ρ 0 , in addition, is influenced by the properties of the dielectric layer.
Equations (16) show that ρ 0 is determined by the contribution of the diffuse layer z w to the total impedance z e and depends on the surface potential ψ 0 which is different from the electrode potential v 0 when the effective thickness of the dielectric layer is nonzero, δ = 0.
It can be seen by considering the limiting cases of high and low frequencies. Taking into account (10), (17) , from (16) it follows that ψ 0 → v 0 /(1 + δ) at high frequencies and approaches the value ψ 0 → v 0 /(1 + δ) in the limit of a dc voltage, ωτ q → 0. Hence, a voltage drop on the dielectric layer |v 0 − ψ 0 | grows with decreasing frequency and its value depends on δ. Substituting (10), (17) into (16), one finds ρ 0 → 0 at ωτ q → ∞, and
at ωτ q → 0. Thus, the voltage drop across the dielectric layer reduces the diffuse charge and, hence, decreases the electrode polarization. The ratio δ = λ p /λ D does not depend on the distance between electrodes L (compare with [23] ) and in the case of λ p ≥ λ D the influence of the dielectric layer on the impedance behavior can be essential, especially, at low frequencies.
B. Impedance in the model with blocking electrodes
An impedance is defined as a ratio of the applied voltage to the electrical current arising in the system. In the case of blocking electrodes a current density in the external circuit is equal to a displacement current density J D = −ε 0 ε(∂ 2 Φ/∂t ∂x) at the electrode surface. Denoting the density of the Nernst's diffusion-limited current
, the normalized displacement current density can be written as
Then the dimensionless impedance has a form
is the impedance of a plane sample with the area S and the resistance
Introducing the electrolyte capacitance C = ε 0 εS/(2L), the well-known expression for the charge relaxation time in the bulk (RC-time) can be recovered (15), (16)] and substituting j D into the definition of the dimensionless impedance Eq. (19), we arrive at the final expression
Here the last term represents a capacitive contribution of the dielectric layer. According to Eqs. (10), (17) this expression can be written as an explicit function of frequency
The first term in (22) describes the bulk charge contribution to the total impedance and is a well-known expression for the dimensionless impedance of a parallel RC-circuit with characteristic time τ q = RC. The second and the third terms represent the contributions of the two diffuse layers and the two dielectric layers, respectively. Introducing capacitances
, and using Eqs. (20), (5), one finds τ c = R C d /2 and τ p = R C p /2 representing the charging times of two diffuse and two dielectric layers, respectively.
Note, that using the results of Refs [23, 28] and setting the same mobility of positive and negative ions the expression for the impedance Eq. (22) can be recovered.
Thus, the impedance of the binary electrolyte bounded by the electrodes with the dielectric layers includes three contributions with different frequency dependence. To understand a role of each contribution to the overall behavior of the impedance analysis of limiting cases and approximate expansions can be useful.
C. Approximate expression for the impedance
To simplify the analysis of the frequency dependence of the impedance (22) (23) the expansion for the high frequency range ωτ q 1 will take the form
and for the low frequencies, ωτ q 1,
From Eqs. (24), (25) it follows that the high frequency behavior of the impedance in the leading order in is only determined by the bulk charge dynamics with the characteristic time τ q represented by the first term in the expression (22) . The expansion (24) shows that the real and imaginary parts of the impedance depend on frequency as (ωτ q ) −2 and (ωτ q ) −1 , respectively. According to Eqs. (26), (27) at low frequencies the real part of the impedance is constant (z = 1 + O( )) and the frequency dependence of the imaginary part for ω → 0 will be determined by the surface contribution z s = 1/(iωτ s ) with the characteristic time
diffuse and dielectric layers 1
Compare the imaginary parts of (25), (27) , it can be seen, that the surface contribution to the impedance dominates over the bulk one in the low frequency range ω < ω qs , where
Thus, the impedance behavior in the high frequency range ω ω qs is solely determined by the bulk contribution z v = 1/(1 + iωτ q ) and z s is negligible. On the contrary, at low frequencies ω ω qs the surface contribution z s = 1/(iωτ s ) is predominant. An approximate expression for the impedance can be written as a sum of these contributions
This expression can be interpreted as the dimensionless impedance of the parallel RC-circuit connected in series with capacitor, whose capacitance is C s = 2 τ s /R = ε 0 εS/λ s . Multiplying
Eq. (30) by R, it follows that the capacitance
is represented by the diffuse and dielectric layer capacitances connected in series (see, e.g., [3, 47] ). However, it is important to note, that λ s is the sum of the Debay length and the effective thickness of the polymer layer, as it follows from Eq. (29) . Hence, the diffuse and the dielectric layers act as a single capacitive layer with the thickness λ s , that determines the behavior of the impedance in the low frequency range.
Thus, in the most common practical cases of the thin diffuse layer, λ D L, the frequency dependence of the exact expression for the impedance (22) in the leading order in is equivalent to the frequency dependence of the approximate expression (32) . Apart from the simplicity of the expression (32), it shows, that the impedance behavior is determined by the two different mechanisms -dynamics of the bulk charge and the simultaneous charging of the diffuse and the dielectric layers with the corresponding characteristic times τ q and τ s .
Each of the mechanisms dominates in distinct frequency domains separated by the frequency ω qs , in the vicinity of which the contributions are competing, that can be discovered in the impedance spectra peculiarities.
D. Analysis of the impedance frequency dependence
The approximate expression for the impedance (32) makes it easy to analyze frequency peculiarities of the impedance spectra. Representing the dimensionless impedance (32) in the form z = z − iz , the real part can be written as
This is a monotonic function of the frequency with z ∼ (ωτ q ) −2 for ωτ q 1. In the limiting cases one has z → 0 for ω → ∞ and z → 1 for ω → 0. The real part of the impedance reaches a plateau below the frequency
at which it has the value z (ω = ω q ) = 1/2.
The imaginary part
may have two local extrema at frequencies
For τ q /τ s = (1 + δ) 1 the maximum and the minimum of z are located at
with corresponding values
As follows from (36), the local extrema in the imaginary part of the impedance appear only if the condition τ s > 8 τ q is satisfied. Otherwise, the imaginary part of the impedance (35) will be a monotonic function of frequency. Increase in the concentration of the charge carriers (the decrease of λ D and, hence, τ q ) shifts the extrema positions of z to the high frequency range and makes deeper a local minimum, such that (z max − z min ) → 1/2 for τ s τ q . Increase of the distance between electrodes L or decrease of the effective thickness of the dielectric layer λ p move the minimum z to the lower frequencies without changing the maximum position, as it follows from (28), (31) , (34) and (37) .
The impedance argument
has a local maximum at the frequency
where its value
This allows to express the characteristic times in terms of ω m and a m
For τ s τ q the frequency ω m ≈ ω qs and the value a m ≈ 2 τ q /τ s , hence, the characteristic times can be found from the simple relations
As it can be seen, in the case of τ s τ q the frequency of the arg{z} maximum coincides with the frequency of z minimum and is defined by ω qs [Eq. (31) Thus, in the thin diffuse layer limit, the positions and extrema values of the imaginary part and the impedance argument are uniquely determined by characteristic times τ q and τ s . The charge relaxation time τ q determines the frequency of the imaginary part maximum.
The charging time of the diffuse and dielectric layers, τ s , defines the positions of the minimum of z and the maximum of − tan(arg{z}), which coincide for τ s τ q . Note, that according Eq. (28), (29) the dielectric layer may strongly influence these positions in the case of
The diffusion coefficient D and the concentration of the charge carriers c 0 can be found from the positions and values of the extrema of the impedance argument and imaginary part z . However, accurate localization of the extrema in the experimental data requires a high frequency resolution of the impedance spectra, that may result in time-consuming measurements. Another approach is a fitting of experimental impedance spectra with an appropriate model [14, 23, 30, 38] .
Consider the exact, Eq. (22), and the approximate, Eq. (32), expressions for the impedance written in physical units
The expression (44) contains four parameters R, τ q , τ c and τ p , which can be determined by the nonlinear least-squares fitting of experimental spectra. Using the fitted parameters, the Debye length and the effective thickness of the dielectric layer can be found [see Eq. (23)]
In the case of λ D L the frequency dependence of the impedance is described by the approximate expression (45) . Here the fitting provide only three parameters, R, τ q , and τ s , and if the effective thickness of the dielectric layer λ p is known, the Debye length can be calculated from
as it follows from Eq. (28), (29) .
Finally, using λ D and τ q , the values of the diffusion coefficient D, the concentration of the ions c 0 , and the hydrodynamic radius of ions R g can be found from
according to the definitions (5), (7), and using the well-known Stocks formula [49] ; here η is a medium viscosity. Unlike similar relationships obtained in Refs. [30, 31] , in this approach it is not necessary to know the value of R (or dc-conductivity) to determine c 0 and D. However, for known R, τ q , and the capacitance of the empty cell C 0 = ε 0 S/2L, the conductivity and the dielectric constant of the electrolyte can be easily calculated from In the frequency range f 1 Hz the impedance spectra in all cells are qualitatively well described by Eq. (44). However, for f 1 Hz the impedance behavior deviate from that given by Eq. (44). In particular, Z increases and Z deviates from the f −1 -dependence with decreasing frequency, that is also reflected in a low frequency behavior of the real part of the dielectric constant ε , which is increasing instead of being a constant in the limit f → 0. To explain such behavior of the impedance spectra, different physical mechanisms have been proposed, ranging from a fractal nature of electrode surfaces [51] or double layers [52] to the adsorption processes with an anomalous diffusion [38] . Our PNP model does not take into account any of those contributions, consequently, experimental data will be analyzed only in the frequency range f 1 Hz.
C. Fitting of the impedance spectra
The absence of the extrema in the imaginary part of the impedance, Z , for the cell with 
To determine a frequency range, where the experimental spectra are best described by the proposed model, first, the position of the argument maximum f max has been localized by a polynomial interpolation (starts symbols on Fig. 1d ). Then the spectra were fitted using the expressions (44) and (45) An attempt to fit all four parameters (R, τ q , τ c , and τ p ), using the exact expression with the liquid crystal at the cell edges, that influence the ion concentration [53] . Obtained values of the dielectric constant ε tend to decrease with increasing cell thickness, nevertheless, they agree quite well with the previously reported data on ε for 5CB ranging from 17.6 to 20.2 [54] . Small difference between the values of ε obtained by using the exact and the approximate expressions for the impedance decreases with increasing the cell thickness. Using the results from Table I the ion parameters are calculated from Eqs. (47), (48) (see Table II ). The effective thickness of the polymer layer for all three cells was found around λ p = hε/ε p = 150 nm; small variations (< 10 nm) came out due to the variation of ε for the different cells. To calculate the hydrodynamic radius of the ions, the average effective viscosity of the Stokes drag in the liquid crystal 5CB η = 0.06 Pa·s was taken [55] .
The results in Table II [56] . For comparison, the last column in Table II contains the values of the diffusion coefficient D * obtained when neglecting the dielectric layer contribution (λ p = 0), resulted to an overestimation of D by more than three times.
D. Transient currents
To verify the consistency of the model and the fitted parameters, the ion parameters were determined from measurements of transient currents in a cell under the voltage being suddenly applied to the electrodes. In the Debye-Huckel approximation [3, 57] , small voltage U 0 applied to the electrolyte layer bounded by blocking electrodes with dielectric layers will lead to the initial current jump I 0 = U 0 /R with a subsequent exponential relaxation
where the characteristic time τ s is the same as appeared above in the frequency analysis of the impedance behavior, and is defined by Eq. (28).
The transient currents were measured in the cell with thickness d = 10.3 µm for several applied voltages U 0 and then fitted using Eq. (51). Note, that the deviation between the fitted curves and the experimental data at larger times For each applied voltage U 0 the parameters R and τ s were determined by the leastsquare method and the charge relaxation time was calculated from τ q = R C, were the cell capacitance C was separately measured by the RLC-meter. Comparison of Tables I and III shows, that for the voltages U 0 = 0.025 V and U 0 = 0.25 V the characteristic times τ s and τ q are very close to the values obtained from the analysis of the impedance spectra. Hence, using Eqs. (47), (48) will result in the ion parameters similar to those listed in Table II 
Here the initial current I 0 and the characteristic time of the electrodiffusion τ tr are given as
Extracting I 0 and τ tr from the fit of the experimental data, the diffusion coefficient and the concentration of the ions can be calculated from
In the course of time the ion movement under applied dc electric field will lead to gradual accumulation of the electric charges at the blocking electrodes and screening of the local electric field, that will result in the raising of the diffusion current. Therefore, the linear regime given by Eq. (52) can only be observed for a certain initial time interval ∆t after the switching on the voltage, and its duration will depend on the ion concentration and voltage magnitude.
To determine the time interval ∆t, where the linear regime holds, the data for U 0 = 2.5 V and U 0 = 5 V were fitted using Eq. (52) and mean-square deviations of the experimental data from the fitted curves ∆ were calculated over the different initial time intervals ∆t in the range between 2 ms and 15 ms (Fig. 2b) . For U 0 = 2. Table II ). Thus, the analysis of the transient currents in cases of low and high applied voltages confirms the validity of the results obtained from the analysis of the impedance spectra based on the model of the blocking electrodes with the dielectric layers.
E. Impedance behavior with LC cell aging
Earlier studies showed that the conductivity of LC cells filled with the liquid crystal 5CB
exponentially increased with time with two characteristic time scales ∼ 400 h and ∼ 4000 h [36, 53, 59] . To investigate this phenomenon the impedance spectra in the cell with the thickness d = 10.3 µm were measured after a while over three months (Fig. 3) . The cell was not completely sealed and was stored in a dark place at the temperature T = 25
• C and the relative humidity (70 ± 10)% between measurements. On the other hand, assuming that the ions remain of the same type, therefore, the diffusion coefficient is unchanged, one can find the Debye length from λ D = τ q D and Thus, the measurements of the impedance spectra shows that during the aging of the liquid crystal cell the dielectric constant is not changed over 3000 h after the cell filling. For the same time interval, the conductivity was increased by one order of magnitude. Based on the proposed model we can conclude that the conductivity growth over 1200 h after the cell filling is originated from the increase of the concentration of the same type of ions as in the fresh made cell. It is proved by the constant value of the diffusion coefficient and effective thickness of the polymer layer found over this time interval. However, for longer time of cell aging the model leads to ambiguous estimates of the ion parameters. Therefore, to identify physical processes at longer time, more complicated theoretical models considering such effects as polymer swelling or long-term ion adsorption have to be developed.
IV. DISCUSSION
The values of the diffusion coefficient of the ions in the liquid crystal 5CB in the range D = (6 − 10) µm 2 /sec were reported in studies of transient currents under polarity reversal of the applied dc voltage [60] and currents induced by UV-light in LC cells with photosensitive semiconducting electrodes [36] . The diffusion coefficients of the ions in 5CB were also estimated from the analysis of the dielectric spectra in the framework of the constant electric field model already mentioned in the Introduction. Considering dielectric behavior of binary electrolyte under the applied dc bias it has been shown that ions concentration and diffusion coefficient can be determined from the high frequency part of the dielectric spectra [61] . Based on this model, the temperature dependence of the diffusion coefficient of the ions in 5CB was determined from the dielectric spectra of the LC cells with and without polyimide layers on top of the ITO electrodes [36, 59] . For both samples the diffusion coefficients were found nearly the same D ≈ 16 µm 2 /sec at T = 23
In another version of the constant electric field model [62] a presence of different kinds of ions was considered and an additional parallel RC-circuit to the expression for the total complex dielectric constant was included to take into account possible surface effects, such as electric double layers on the electrodes. The best fit of the experimental dielectric spectra of 5CB in the wide frequency range (10 −3 − 10 3 ) was obtained using 5 kinds of ions with the diffusion coefficient of the average kind of ions D = 4.9 µm 2 /sec at T = 23 (Fig. 5) . Figure 1 shows that for this cell the maximum of the impedance argument is observed at f ≈ 10 Hz. As it follows from spectra in the framework of the constant field approach (see also discussion in [63] ).
Unfortunately, in the framework of the PNP approach, there are no estimates of the diffusion coefficient of the ions in the liquid crystal 5CB from the analysis of the impedance or dielectric spectra. More sophisticated models for the binary electrolyte with nonblocking electrodes where the currents are generated by the ion adsorption/desorption processes have been considered in Refs. [14, 38] . The expressions for the impedance derived there were used to fit the experimental spectra of 5CB in the cells with polymer or silicone oxide coated electrodes choosing values of the diffusion coefficients D = 1.9 µm 2 /sec [14] and D = 2.5 µm 2 /sec [38] . An agreement between theory and experiment was found to be good in the limited range of frequencies, but the influence of the chosen values of D on the resulting values of the ions concentration and parameters of adsorbing currents was not discussed.
We have demonstrated (see Table II ), that neglecting the dielectric layer in the estimate of the Debay length results in about threefold increase in the value of the diffusion coefficient.
Similar reason may explain the contradictory values of the ion parameters obtained by means of the pulsed-field gradient NMR method and on the basis of the impedance spectra analysis [32] . According to Eq. (48), using λ s instead of λ D in systems with λ p ∼ λ D will lead to overestimated diffusion coefficient and underestimated charge carrier concentration, that corresponds to the results in Ref. [32] . This is especially true for highly concentrated electrolytes, where the Debye length λ D is known to be small and thus comparable to the effective thickness λ p of compact layers formed by the adsorbed ions.
The universal behavior of the impedance spectra is inherent for ionic conductors of different nature, such as ion glasses, polymer electrolytes, ionic liquids or aqueous solutions of salts [1, 12, 13] . In the high frequency range the impedance spectra can be scaled relative to the ion concentration, temperature and sample thickness, but at low frequencies the scaling fails when the samples thickness or the electrode materials are changed. The dimensionless expressions for the impedance Eq. (22), (32) clearly show, that no single characteristic time (or frequency) can be selected to scale the spectra in the whole frequency range. As it follows from the analysis of the approximate expression Eq. (32), at high frequencies, ωτ q 1, the behavior of the impedance spectra is determined by the dynamics of the bulk charges with the characteristic time τ q . The value of τ q depends only on the charge carrier properties -the concentration of the ions and the diffusion coefficient, resulting in the observed scaling of the impedance spectra z = f (ωτ q ) in the high-frequency range when changing the ion concentration, temperature and sample thickness [1, 12, 13] . Our results also confirm the high-frequency scaling with respect to the thickness of the liquid crystal layer and its conductivity [ Figs. 3(a), (b) ]. At low frequencies, ωτ q 1, the behavior of the impedance is dominated by the surface effects: the diffuse layer dynamics and the dielectric layer charging, that in the case of λ D L act together as a single nonconducting dielectric layer with characteristic charging time τ s . In the case studied, the scaling of the impedance also holds in the low-frequency range, if ωτ s is chosen as the dimensionless frequency [ Fig. 3(c) ]. The characteristic time τ s is determined by the distance between the electrodes, the properties of the charge carriers and the dielectric layers [Eq. (28)]. It can be assumed, that the scaling z = f (ωτ s ) can also hold in the low-frequency range when the electrode materials are changed [12, 13] due to existence of the compact layers, whose properties are defined by the electrode adsorption ability determining the effective thickness and, hence, the value of τ s .
V. CONCLUSION
In this work, the impact of the dielectric layers on the frequency dependence of the impedance of ionic conductors have been investigated. In the framework of the PNP approach the expression for the impedance of the symmetric binary electrolyte with blocking electrodes and dielectric layers has been derived and the frequency dependence has been expressed in terms of contributions with three characteristic times in the system -relaxation of the bulk charge τ q and charging times of the diffuse τ c and dielectric τ p layers. The 3 nm is close to the radius of free inorganic ions [56] . This supports an assumption that the conductivity of liquid crystals is caused by free inorganic impurity ions left after a synthesis or emerging from materials used to assemble LC cells.
However, correct estimations of the ion parameters were only possible for known dielectric constant and thickness of the polymer layers at the electrodes and for relatively fresh samples. For long time of cell aging above 1200 h, the estimates of the ion parameters become ambiguous that allows different interpretations. In this case, it can not be unequivocally concluded how an ionic composition of the liquid crystal and/or the properties of the polymer film are changing with time. In the systems, where an electrolyte is in contact with metallic electrodes, the situation can be much worse, since the properties of the compact layers formed at the electrode surfaces are quite difficult to characterize. Thus, the analysis of the impedance spectra in such systems based on the considered model should be carried out with caution, especially in the case of highly concentrated electrolytes.
